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review). Urban agglomerations and networks will become the cornerstones of global interaction and evolution.
In parallel with a rapid rise in urbanization rates, another megatrend has emerged, viz. the transition to a 'digital economy', thanks to the introduction and large-scale penetration of Information and Communication Technologies (ICT) in all sectors of the economy. This phenomenon has induced an intense debate on the spatial consequences of these modern technologies, which has led to various metaphors such as 'tele-cities' or 'electronic cottages'. For a critical review, see, inter alia, Cohen and Nijkamp (2006) and Cohen et al. (2002) . In a more challenging way, the above-mentioned debate can be summarized under the heading of the validity of the 'death of distance' hypothesis (see Cairncross 2001) . Despite the fuss related with this hypothesis, it has also been increasingly questioned (see Wang et al. 2003) . A test of this hypothesis calls for solid empirical research (see also Gorman and Malecki 2002) .
The debate on the impacts of ICT on cities has already a respectable history. It follows -from a social-functional perspective -the Castells (1996) thesis on 'space of flows', while it has also strong roots in the regional-economic analysis of ICT impacts (see e.g. Cohen et al. 2002) . ICT, just like ordinary infrastructure, provides the necessary spatial framework for the development and existence of urban systems at various levels. A limited number of studies regarding the impact of traditional and digital infrastructure in emerging economies -in particular China -can also be recorded. We refer here to Démurger (2001) , who offers an impact assessment of (general) infrastructure and regional growth in China, to Ding and Haynes (2006) , who study the leapfrogging implications of ICT in China, and to Ding et al. (2008) , who researched the relation between telecommunications infrastructure and income convergence. Advanced infrastructure appears to be critical in all cases. An under-investigated issue however, is the question how cities and urban networks are related to digital spatial connectivity. And this will be the main research challenge in this paper. The central methodological task is to investigate whether in a spatial interaction model, where the spatial interaction refer to the digital infrastructural capacity (e.g. the digital links which form the Internet), the standard gravity model still holds. The main aim of our study is now to test whether the empirical connectivity pattern reflected in Internet infrastructural capacity leads to a statistically significant model based on standard gravitational forces in relation to a spatial interaction model. A second aim of our study is to analyze whether the digital connectivity in urban systems in rapidly emerging economies -in particular in China -can also be appropriately mapped out by a spatial interaction representation of Internet linkages. Also, when necessary, comparisons with other world regions (e.g. Europe) also take place. In summary, the purpose of our article is to explore the symbiotic relation between urban systems and digital infrastructural networks, both world-wide and within China.
China -as an important player in both Asia and world-wide -is an interesting case because of its rapid economic and technological growth. Many Asian countries -including China− have in the past decade exhibited a surprisingly high economic growth. At the same time, many of these countries have shown very high urbanisation rates, to the extent that many large to very large cities can be found in Asia nowadays. The unprecedented rise in megacities in Asia is partly caused by their indigenous growth mechanisms and partly by their high-quality connectivity. A recent study of the UN (2010) demonstrated that from the world's largest cities (30 in total), 17 such megacities are located in Asia. Urban agglomeration externalities are apparently so powerful in this region, that an unprecedentedly strong urbanisation megatrend is emerging (see also Kusakabe 2012; Morichi and Raj Acharya 2013) .
China has not only witnessed a formidable economic growth in the past decades, but also a surprising rise in its urbanization degree, with many new megacities. For that reason, infrastructure policy is of paramount importance in this country. But physical connectivity is not sufficient; digital connectivity in an information society driven by digital infrastructure is equally important. And therefore, a closer analysis of the geographical structure and intensity of the usage of digital technologies in China (in particular, the Internet), is a challenging research task. In our empirical study we will address in particular the digital connectivity among major urban agglomerations in China, including not only the big megacities such as Shanghai or Beijing, but also many lower ranked -but often still multi-million -cities.
Methodologically, apart from econometrics to understand the impact of gravitational forces in the evolution of the digital infrastructure, concepts and techniques from the network analysis field are also utilized. The latter has become a very advanced research area, starting form Euler's well-known Köningsburg bridge system to small-world or scale-free networks. In the recent geography and regional science literature much attention has been paid to spatial linkage analysis and spatial interaction models, in which also the interwovenness of cities has been studied extensively (including hierarchical organization of cities, e.g. in the context of central place theory or Zipf's law). With the introduction of digital technology, new types of connected networks have emerged, often of a hub-and-spokes nature, with various degrees of user intensity on different edges. Common characteristic of some these networks is their spatial reflection. The methodological novelty of this paper is the utilization of network analysis with econometrics to understand whether the gradually emerging global network connectivity pattern is also replicated at the level of an upcoming economic region such as Asia, and in particular whether such a pattern is showing up in a rapidly emerging country like China.
The present paper is organized as follows. After this introductory section, Section 2 will concisely describe the database for the models to be used, while Section 3 will be devoted to a modelling experiment on digital connectivity among world cities. China is a rising player in a global internet connectivity system, and therefore, in Section 4, our study will zoom in on the Chinese urban network, in comparison to Europe and the USA. An explanatory causal econometric model for digital connectivity in China -and its resultswill be presented in Section 5, while Section 6 offers concluding remarks.
Data for digital connectivity
The main database used for this paper has been derived from the DIMES project. This is "a distributed scientific research project, aimed to study the structure and topology of the Internet" (DIMES 2010). It is based on 3-6 million traceroute 1 measurements made daily by a global network of more than 10,000 agents, who are voluntarily participating in this research project (see Carmi et al. 2007 ; for a description of the DIMES project, see also Shavitt and Shir 2005) . One of the outcomes of the DIMES project is an extensive database with geo-located IP (Internet Protocol) links discovered by the DIMES volunteers. It contains all the IP links between any two cities discovered by the agents. Although overlapping connections between any two regions are included in the database, there is no information on the bandwidth of these links. However, this is still an infrastructural measure, as the IP links represent physical (overlapping) data links between cities, which follow the IP protocol 2 .
Some important notes should be made at this outset. Firstly, the DIMES project only includes IP links which have been captured by its agents and thus, only a small fraction of the total Internet. By sending data packets from the agents' locations to known destinations, DIMES researchers record the different IP links used by its agents, completing the largest available data set for geo-coded IP links.
Secondly, there is a common limitation faced by any study focusing on the Internet from a spatial perspective: the Internet has been built as a logical network and its links are defined in topological and not in geographic terms. Therefore, the architecture of Internet destinations (IP addresses) has little to do with geographical locations (Dodge and Zook 2009) . To geo-locate the above system, the DIMES project geo-codes the different IP addresses using IP registration tables. A potential accuracy issue needs to be highlighted here. It is not uncommon that IP addresses are owned by expert firms, which lease these IP addresses to content providers (Dodge and Zook 2009 ). This might result in a possible mismatch between some physical locations of IP addresses and the content location. However, this does not create any bias here, as the focus of this paper is on the physical infrastructure of the Internet.
Different subsets of this global DIMES dataset are used for this paper. For the analysis in Section 3, which focuses on digital connectivity and world cities, the IP links among a sample of 34 world cities are utilized for the year 2010. This analysis is limited to a cross section of these 34 cities for one year because of the scarce data on world city characteristics. More details about this data are provided in the next section. After the global analysis of linkages between cities world-wide, in Sections 4 and 5 the analysis turns to the Chinese urban system, which includes IP links only between Chinese cities. This analysis follows panel specifications and includes the period 2007-2011.
In a nutshell, the DIMES dataset is, at least to the best of our knowledge, the richest available geographical data source for the Internet infrastructure. Despite the above limitations, the scattered locations of the agents and the size of the DIMES experiment secure the robustness of this data set, especially considering the general lack of geographic data on the Internet infrastructure.
Digital connectivity and global cities: a high-level analysis
Before focusing on the main object of our analysis, viz. the digital infrastructure of the Chinese urban system, the global nature of our dataset is utilized in order to provide an overall, global context for urban digital connectivity. As discussed in the previous section, ICT and the Internet support the globalization process and global cities are increasingly reliant upon digital infrastructure. Nonetheless, there are hardly any studies at a global level linking the global city characteristics with the digital infrastructure. The only exception at this scale is the work of Choi et al. (2006) who investigated the network structure of the Internet backbone networks among the most well-connected world cities 3 . In order to fill in this gap and to provide a broader understanding of the relation between world cities and the underlying first layer of the space of flows, this section employs simple spatial interaction models (SIMs) to investigate the pull factors for attracting such digital infrastructures in global cities. The conceptual model of this analysis is formulated in the following generalized version of a SIM, according to which the number of IP installed links between i and j (IP ij ) is affected by the characteristics of i (X i ) and j (X j ) as well as by bilateral characteristics between i and j (X ij ).
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The main limitation for such an endeavor is data availability, as hardly any homogeneous urban data is available at a global, cross-country level. In order to overcome this difficulty, a unique dataset depicting urban characteristics of 34 world cities is utilized here produced by the Institute for Urban Strategies (2010). This Global Power City Index (GPCI) offers a balanced picture of the socio-economic performance and power of 34 world cities 4 from the perspective of attracting talent, business and investment to cities, complemented with information on perceptions of various classes of stakeholders. Based on 69 individual indicators compiled from secondary sources as well as from interviews with stakeholders, two sets of indicators have been produced for the year 2010 5 : city function indicators, which include a normalized score on variables focusing on urban accessibility, economy and the environment; and city actors indicators including variables on how managers, researchers, artists and residents perceive and score the performance of the city.
Apart from the variables derived from the actors and functions data, the impact of variables related with the spatial organization of the world cities sample is also tested here. Firstly, physical distance between cities is expected to have a negative impact on the pair-level IP connectivity. As discussed elsewhere (Tranos and Nijkamp 2013) , physical distance (distance) maintains its importance even in the frame of the digital infrastructure. Similarly, the spatial continuity (continuity) between countries which host the cities included in the analysis, is expected to have a positive impact on digital connectivity. Moreover, we employee variables from the world trade literature (Mayer and Zignago 2005) and we expect variables such as common language (language) and past colonial (colonial) ties will affect the digital connectivity (Tranos and Gillespie 2011) .
In order to utilize these variables, model (1) is expanded in the following log-log form: ln ln ln (2) X i and X j are the variables reflecting the city-level attributes discussed above. Because the dependent variable reflects infrastructural capacity and not flows, there is no directionality involved and therefore instead of estimating the effect of i and j separately, their combined impact is estimated using the product of X i and X j . Since the city-level attributes are only available for year 2010, equation (2) is estimated cross-sectionally using ordinary least square (OLS). Table 1 presents the results of the actors variables and Table 3 the results of the function variables. The first observation is the consistent negative effect of distance on the formation of the digital infrastructure at a global level. Put simply, the closer two world cities are in our sample, the more digital infrastructure is installed between them. This distance decay effect remains significant and its magnitude increases even after the inclusion of other bilateral variables including spatial continuity. The researcher variable has a positive effect which appears to be significant throughout most of the specifications. This is not surprising either, as digital infrastructure was always related with knowledgeintensive urban environments . In addition, the managerial effect is also visible here, although not always significant. Indeed, the higher the (product of two cities') score on managerial issues is, the higher the connectivity between these two cities is. However, this effect ceases to be significant when more explanatory variables are introduced into the model. Moreover, a significant and consistent negative effect is detected for the (product of the) score of cities on residential issues. This effect can be interpreted as a city-size effect: the higher the size of a city and consequently the diseconomies of scale (low score on residential issues), the higher the digital connectivity the city shares with other cities. On the contrary, creativity appears to be a significant positive factor for attracting digital infrastructure. The (product of the) score of two cities according to artists is a positive predictor of the digital connectivity between these two cities. Regarding the other bilateral variables, only spatial continuity seems to have a significant impact. However, this is negative and may reflect a minimum threshold level for distance. Table 3 presents the estimation of (2) using the function variables. Again, interesting results can be derived regarding the distribution of the digital infrastructure among our sample of world cities. Firstly, spatial configuration appears to be important even at this scale, as apart from the distance decay effect which is present here too, accessibility also has a significant positive effect: the more accessible two cities are (in other words, the higher the product of the accessibility of two connected cities is) the more digital infrastructure will be installed among them. On the contrary, although the variable reflecting the score on the urban economy is positive, its effect is of low significance. This is in accordance with previous research highlighting that such infrastructure is mostly attracted by knowledge-economy related indicators instead of mere market size (Tranos and Gillespie 2009 ). Next, the environment variable appears to confirm the above comments on the effect of the resident variable. The city-size effect, as reflected in diseconomies of scale and related low urban environmental quality, is a digital connectivity factor. Regarding the bilateral variables, the same effect as in Table 1 is observed here. In total, the above analysis has revealed many interesting patterns at the global level of the world city network. Digital infrastructure is clearly affected by spatial configuration -even at this scale. Thus, it can be argued that also a digital system such as the Internet is ruled by strong spatial forces. In addition, other factors related to the knowledge economy and city size appear to play also important roles in the geography of this system. The next step in our analysis provides the link between the global digital network and the Chinese urban system.
The Chinese digital urban network
Moving now from the global level of analysis to China, the first task is to understand the position of Chinese cities in this global system of world cities and then to understand the structure of the Chinese inter-urban network of the digital infrastructure. In order to do so, concepts and methods from complex network analysis (CNA) field and the science of networks (Barabási 2002; Buchanan 2002; Watts 2003; Watts 2004 ) are utilized. This is a new analytical field which focuses on large-scale real-world networks and their universal, structural, and statistical properties (Newman 2003) . CNA is the tool which enables us to explore connectivity patterns in the topological configuration of the Chinese digital infrastructure. The latter is an essential step in order to move on to the next part of our analysis, where the structure of the urban network in China is modeled. Table 3 presents three different centralities for the sample of 34 world cities. Firstly, degree centrality represents the accumulated IP links for each city for each year 6 . This is a digital infrastructural capital measure, in which Beijing shows up as the third most connected city in our world city sample for 2010. Shanghai, the other Chinese city in our sample, is placed on the 15 th position. Although this is an important measure reflecting the accumulated IP connectivity, degree centrality does not provide any insights into the functionality of these cities in the overall network. Following the work of Neal (2011), two more centrality indicators will now be introduced here: recursive centrality (RC) and recursive power (RP). The distinctive point of these indicators is the acknowledgement of the degree centrality of the cities which are connected with the city of interest and are calculated as follows:
DC j is the degree centrality of the city j, which shares an IP link with city i, and IP ij is the number of IP links between i and j. These metrics are useful in understanding the city functionalities in such a global system, as high recursive centrality is related to hub urban roles while, high recursive power reflects gateway roles (see the discussion in Neal 2011). Thus, Beijing's high performance in both metrics indicates the Chinese capital's importance in the global digital network as Beijing performs both hub and gateway roles. However, this is not the case for Shanghai, whose' functionality is lower than the expected one according to accumulated IP infrastructure, as is reflected in the degree centrality. This is a 'weighted' degree centrality measure in the sense that if two regions i and j are connected by multiple links, all of these links will be added in the degree centrality of i and j. If it had been a 'binary' centrality measure, then the multiplicity of the links between i and j would have been neglected.
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Recursive centrality Recursive power score rank score rank score rank After highlighting Beijing's role as the main anchor point of the Chinese IP network with the global one, our focus will next turn to the Chinese intra-urban digital network. Table 4 presents some basic network statistics for the Chinese digital infrastructure for the period 2007-2011. The size of the network during the first two years of the study period is less than thirty percent of the network size during the last three years. Although this might reflect, to some extent, the Internet growth in China, much of this is mostly related to the data collection process and the increase of the DIMES project agents. Nonetheless, a change in the topology of the network can be observed. The first statistic under study is again degree centrality 7 . The large difference between the average and maximum values reflect the existence of some very well connected nodes, which perform hub roles in the network. Regarding the change over time, while the average weighted degree centrality among the connected cities increased almost four times during the study period, the maximum degree centrality increased more than twenty times. This is a first indication of the existence of a cumulative causation process, according to which the higher the degree of a node is, the higher the probability of a new link to be attached to this node is. This rich get richer phenomenon results to high inequality in terms of connectivity among the Chinese cities, which increases over time according to the Gini coefficient of the degree centrality. In the network literature (Barabasi 2003) , this cumulative process is identified as preferential attachment (Batty 2012 ) and it will be further analyzed below. The outcome of the uneven distribution of the IP links among the Chinese cities is an efficient digital network. Indeed, despite the very low density of the CP, which decreases over time, the average network distance is exceptionally short. In the CNA framework, distance does not refer to Euclidean distance, but to the number of nodes that separate any two nodes 8 . For the case of the Chinese digital infrastructure, any two cities are separated on average by two intermediate nodes, which results in a network distance less than 3. The latter is an indication of efficiency, as it reflects the ability of the network to transfer data flows with minimal routing.
The above qualities and the efficiency of the network can be attributed to the small world (SW) characteristics of the CP. The latter refers to a widely used network model, whose main characteristic is the existence of highly-connected cliques 9 , which gain global connectivity via a few links that span the entire network, linking distant clusters (Watts and Strogatz 1998) . This theoretical network model became popular because of its many real-world applications. The digital infrastructure in China resembles SW networks because of the short average distance -shorter than the ones observed in same size random networks (RN) 10 -and the high clustering coefficient 11 -higher than the ones discovered in same size RN.
Apart from the latter, an essential element of the SW networks is the distribution of nodes' degree centrality, which distinguishes this network type from another well established network model known as scale free (SF). SF networks share the above characteristics with SW networks, but the degree distribution of their nodes follows a power law, contrary to the exponential functions which distinguish SW networks. The different distributions reflect the difference between these two types of networks in terms of the nodes' heterogeneity: while the power-law degree distribution of the SF networks reflects the existence of a very few super-connected hubs and a vast majority of less-connected vertices (Barabási and Albert 1999), the exponential-degree distribution of SW networks resembles highlyconnected cliques and less heterogeneous nodes. Following Newman (2005) , the estimation of the degree distribution curve is based on the cumulative degree function (CDF) derived from an inverse rank-plot graph. The CDFs for the period 2007-2011 are presented in Figure 1 . The scatter plot reveals a common pattern throughout the study period: the degree distribution for every year is governed by a power function as indicated by the straight lines. The above visual observation is also supported statistically by curve estimations based on OLS and the relevant log-log transformations (Faloutsos et al. 1999; Gorman and Kulkarni 2004; Tranos 2011) . The results of the OLS are presented in Table 5 , where two different forms are tested: exponential and power specification, respectively: Indeed, the OLS results confirm the visual observation that power functions better fit the overall distribution for the five year study period. In spatial terms, this can be interpreted as an agglomeration effect of the digital connectivity in a limited number of cities which act as hubs for the Internet infrastructure in China. Thus, the Chinese digital urban network is a highly hierarchical one and just like any other SF network, is highly dependent on these hubs, which hold the network together by performing vital routing functions.
Nonetheless, this is not the case with the European part of the digital infrastructure. As discussed elsewhere (Tranos and Nijkamp 2013) the European subset of the global IP network, as captured by the DIMES agents, fails to form a clear power law. On the contrary, CDF for Europe is ruled by a power law with a cutoff, which means that the power function does not fit the overall distribution, but only the most-connected nodes (Figure 2) . In spatial terms, this reflects the existence of two parallel phenomena: one the one hand, an agglomeration effect of IP connectivity in a limited number of regions which act as hubs; on the other hand, the exponential tail reflects the existence of a cluster of less-connected regions, which is more homogeneous in terms of IP connectivity than if a hierarchical and clear SF topology were present.
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2008 Figure 2 : Cumulative degree distribution of NUTS-3 in Europe regions based on IP links Source: (Tranos and Nijkamp 2013) structural differences between the digital network in China and Europe reflect, to a certain extent, spatial configuration differences. Various mechanisms, which may relate to national policies and borders, prevent the formation of a network with a power law degree distribution in Europe. Owing to these policies, the least connected European cities enjoy a level of connectivity higher than the equivalent of a SF network. However, the absence of multiple national policies and the centralized infrastructure planning and building in China resulted in a SF network, which is ruled from only a handful 1 10 100 1000 10000 1 100 10000 1 10 100 1000 10000 1 10 100 1000 10000 100000 node degree node degree r a n k i n g s r a n k i n g s of hubs: almost 50 per cent of IP connectivity in China is accumulated in only three cities in 2011, Beijing, Shanghai and Guangzhou. On the contrary, the three most connected cities in Europe are responsible for only 8.5 per cent of European cities total connectivity.
Although the above analysis provides interesting insights into the nature of this infrastructural system, it does not provide insight into the mechanisms behind the creation of these links. Moving a step forward, the next section will explore the mechanisms behind the formation of this complex network in China.
The determinants of digital connectivity within Chinese urban system
After gaining a structural understanding of the IP network in China, this section aims to shed more light on spatial factors affecting the structure and the evolution of the Internet infrastructure in China. Using model (1) as the starting point, the effect of a set of explanatory variables, which reflect space and time dimensions of the digital infrastructure network, is tested in this section. Going a step further, the modeling results are juxtaposed with corresponding results from Europe. This comparison will increase the robustness of our analysis and enable potential comparisons. More specifically, model (1) can be further expanded in the following log-log form:
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The dependent variable (IP ijt ) represents the connectivity between any two connected cities (i and j) in China in year t. The temporal dimension represents the five years study period (2007) (2008) (2009) (2010) (2011) . Building upon the results of the global analysis, we expect that physical distance (distance) between i and j will have a negative impact on the installed infrastructure between i and j. Then, a number of other structural explanatory variables is tested here. Based on the above discussion about the importance of international digital connections, it is expected that the IP connectivity between two cities (i and j) will be positively affected, if both i and j have international gateway roles. To test this effect we introduce here a dummy variable (external) which is equal to 1 when both i and j have international IP links during year t. Then, we test the impact of spatial structure and the importance of provinces in the formation of the Chinese digital infrastructure. Thus, another variable is introduced to test the impact of intraprovince links: variable region is equal to 1 when both i and j are located in the same province in China. Finally, the effect of the stability of the connectivity over time is also tested here. Although IP networks are physical networks, re-wiring is a possible within such networks in order for the supply to meet demand (Gorman and Kulkarni 2004) . In order to test this attribute, the effect of variable periods, which indicates the number of years that a link between cities i and j was present during the study period, is tested.
In order to take advantage of the bi-dimensional data on digital connectivity (IP links between i and j at year t) panel data specifications are adopted for the estimation of (3). Panel data models improve the researchers' ability to control for missing or unobserved variables (Hsiao 2003) . Such an omitted-variable bias as a result of unobserved heterogeneity is a common problem in cross-section models.
While panel data introduces considerable gains, there are also methodological limitations to be addressed. For instance, two are the main options for estimating panel regressions: fixed effects (FE) and random effects (RE) models (Wooldridge 2003) . The RE model would have been the preferred choice here because the first differentiation process of the within estimator (FE) would have resulted in the elimination of the time-invariant variables (distance, region and periods) (e.g. Brun et al. 2005; Etzo 2011 ). However, the efficiency of the RE model goes hand in hand with other limitations: the consistency of RE estimators depends on whether the unobserved random effects are uncorrelated with the regressors. For instance, some of the explanatory variables might be endogenous by being correlated with omitted variables which affect the installation of IP links between cities (Baier and Bergstrand 2001) . If this is the case, an instrumentation of the endogenous variables would be necessary in order to obtain unbiased estimators. However, such an instrumentation is not an easy task given the complexity of the CP and the lack of prior empirical research in this area. Therefore, a two-way fixedeffects estimation is introduced here (Tranos and Nijkamp 2013) . This specification is differentiated by the usual FE because it addresses unobserved effects at two dimensions (Baltagi 1995) . Thus, the error term ε ijt from (3) can be analyzed as following:
. In this case, ω it and ζ jt are the i and j as well as time-specific effects and υ ij the remainder stochastic disturbance term. Thus, the two-way FE will address potential i and j time-specific effects (i.e. the time variant city level effects which are not observed and are not of our interest here) and enable the estimation of the structural effects (distance, external, region, periods). Columns 1-3 in Table 6 present the estimation of (3) using different effects. The results are consistent and some interesting conclusions can be drawn. First of all, a distance decays effect is present in the distribution of the Internet infrastructure across the Chinese urban system. The impact of distance increases with the use of specific effects, and especially when the two-way effects are introduced. This is important, as the latter specification appears to be the most robust due to the lack of unobserved effects. Then, the importance of these Chinese cities, which act as gateways with the rest of the world, in attracting intra-China connectivity is reflected in variable external. Indeed, when both connected cities share IP links not only with cities in China, but also with cities abroad, then the installed digital infrastructure between this pair of cities is expected to be higher. The positive sign of this variable remains unchanged across different specifications. However, the effect of this variable stops being significant when the two-way fixed effects are introduced. This is not surprising as the two-way effect probably mask the impact of the links between gateway cities because the gateway roles vary both among time and space. Another important structural factor for the development of the Chinese IP network is regional connectivity as the location of two connected cities within the same province has a positive impact on installed connectivity between them. Finally, an indirect assessment of the above discussed cumulative causation process is achieved with the use of the variable periods. The consistent positive effect indicates that the number of years a pair of cities remains connected during the study period is positively related with the amount of installed infrastructure among these cities. In other words, early, and consequently lengthier, participation of a city-pair in the Chinese IP network has a positive impact on the connectivity between these two cities.
A more direct estimation of the cumulative causation process or, in network terms, of the preferential attachment, can be made with the introduction of a dynamic framework. Therefore, model (3) is expanded to the following form: 
The main difference with (3) is the inclusion of the autoregressive term (IP ijt-1 ). This creates estimation complications, as OLS and conventional fixed and random effects estimators result in biased and inconsistent estimates because of the correlation between the autoregressive term and the error term. To overcome this, the generalized method of moments (GMM) technique is introduced here. The latter approach refers to Arellano and Bond's (1991) suggestion of using first differencing for eliminating individual effects and then using all possible lags of dependent and independent variables as instruments for the endogenous variables (in our case only the lags of the dependent variable). Later on, Arellano and Bover (1995) and Blundell and Bond (1998) suggested first differencing not on the regressors, but rather on the instruments, a choice which results in increased efficiency (Roodman 2006) . The latter approach, known as system GMM, is used here.
Column (4) in Table 6 presents the estimation of model (4). The main finding is that there is indeed a preferential attachment process in the evolution of the Chinese inter-city IP network, as the lagged value of the IP connectivity between two cities has a positive impact on the installed IP infrastructure between these two cities. Another important finding is that despite the inclusion of the autoregressive term, the distance decay effect is still present. The same applies to the indirect measure of the cumulative causation. The magnitude of these two effects is much higher than those in the static models. Nevertheless, the consistency in qualitative terms signifies their importance as structural elements of the Internet infrastructure across the Chinese cities. This is not the case for the effect of the variables external and region. While the former stops being significant, the latter has a negative and significant effect, which does not agree with the static models.
A crucial point in the above process is the validity of the instruments adopted for the GMM estimations. Three test have been performed here (Jiwattanakulpaisarn et al. 2009 ). Firstly, orthogonality conditions of the instruments are tested using the Hansen test for overidentifying restrictions. Then, the validity of additional moment conditions in levels is tested with the Difference-in-Hansen test of exogeneity. Finally, the Arellano-Bond test for serial correlation is reported, the null hypothesis of which (no second-order autocorrelation in differenced residuals) verifies the validity of two or more order lagged variables as instruments. All of the reported tests support the validity of the instruments used in the system GMM estimation.
In total, spatial forces affect the structure of the digital infrastructure network. Physical distance and localization effects are valid for the case of China. What is more, the dynamic panel analysis confirms the preferential attachment or, in other words, the cumulative process in the IP distribution. Finally, the effect for the links between gateway cities reflects the structure of the Chinese digital network as only 10 per cent of the digitally connected cities (110 cities in 2011) share links with cities outside China. Apparently, these cities act as the main hubs of the Chinese Internet and are responsible for the SF nature of this network. The positive concentration of IP links between such nodal cities reflect the importance of these in cities in holding the Chinese Internet together (see Doyle et al. 2005 ).
Conclusions
The combination of network analysis with econometrics resulted in some fruitful outcomes regarding the understanding of the symbiotic relation between urban and digital networks both globally and in China. In addition to persistent urbanization trends, the urbanized world will also be a connected world, in which next to physical infrastructure also the digital infrastructure (in particular, the Internet) will play a central role.
Despite the scale of the analysis, similar spatial forces have been identified as drivers of the digital infrastructural network. Physical distance, accessibility and localization effects are important factors behind digital connectivity. Thus, it is fair to say that the 'death of distance' discussion is not valid in the frame of the Internet infrastructure. Moreover, factors related with knowledge economy and city size are also important factors behind the allocation of the Internet's physical layer.
In addition, it became apparent that digital infrastructure reflects specific attributes of urban systems. While the rather polycentric European urban system is facilitated by a digital network which resembles small worlds, the Chinese digital network follows a heterogeneous scale free topology, with only a handful of super-connected cities. Thus, it can be argued that the highly centralized digital network, which underpins the Chinese Internet, reflects the centralized and regulative planning system in China.
Clearly, the sample of world cities used in our investigation could be extended. And it would certainly be relevant to test the robustness of our findings by examining other -and perhaps more extensive -data bases. A potentially useful area for further research is the utilization of data regarding digital flows instead of digital capacity. Online social media could be great candidates for data extraction. However, such data is difficult to be extracted for issues related with privacy and business strategies. Nonetheless, we would not expect that the results of such an analysis would be much differentiated by our present results.
Finally, global connectivity among cities presupposes a world without strict borders. Open access is an important condition for a globally linked world, and communication policies should do their utmost to create effective legal frameworks for ensuring open access conditions in a digital world.
